The experiments were carried out to study the characteristics of biochar made from rice husk and its potential as a soil amendment in acid soils. Biochar was produced by pyrolysis; after which it was applied as a soil amendment. The soil was incubated for 30 days, and then it was planted with rice. For comparison, soil was applied with: rice straw, rice husk, rice husk ash, Chromolaena odorata biomass, and no soil amendment. The characteristics of biochar were: water content 4.96%, pH 8.70, C 18.72%, P 0.12%, CEC 17.57cmol kg -1 , K 0.20%, Ca 0.41%, Mg 0.62%, and Na 1.40%. Application of biochar decreased soil bulk density, soil strength, exchangeable Al, and soluble Fe and increased porosity, available soil water content, C-organic, soil pH, available P, CEC, exchangeable K, and Ca. Out of these improvements, only soil carbon, phosphorus, exchangeable Al, soluble Fe, and soil strength significantly influenced rice biomass.
Introduction
Increasing food production both to meet in-country requirements and to help the world overcome food crises is one of the major issues facing Indonesia today. However, good productive land is limited and has mostly been utilized either for food crop production or other uses. The only available land for agricultural expansion is that of acid sulfate soil, having a total area of about 6.7 millions ha and is spread out in Sumatera, Kalimantan, and Papua (Widjaja-Adi et al., 1992) . These soils have a high iron sulfate mineral content of predominantly Pyrite, and when the soil is drained it will release sulfuric acid, which in turn will release Fe, Al, and other heavy metals that are dangerous for plants and other living organisms. When these soils are used for rice, Moore (1990) found that the most important constraints were: (i) acidity (which includes the combined effects of pH, Al toxicity, and P deficiency), and (ii) Fe stress (which is due to the combined effects of Fe toxicity and deficiencies of other divalent cations such as Ca).
The acid sulfate soil in Sungai Kakap, West Kalimantan has been utilized for intensive rice growing since 1980. Thus, in addition to the above problems, growing rice in these lands faces the problem of soil compaction due to intensive tillage with puddling and removal of biomass continuously. Measurement prior to the conduction of the experiment showed that soil organic matter in these soils was less than 0.9%. In this soil, organic matter is very important because in addition to being a source of plant nutrition, organic matter is the major source of negative charge, which is important for helping the soil to adsorb cations in the soil solution (Ponamperuma, 1982) A common treatment to reduce the solubility of Al, Fe and other heavy metals in soil is to increase the soil pH, which is mostly done by liming (Ahmad and Tan, 1982; Hakim et al., 1989; Haby, 2002) . The ability of liming to increase soil pH, decrease Al and Fe solubility, and increase crop yield is widely known (Shamshuddin and Auxtero, 1991; Haby, 2002; Kadery, Brown et al., 2008) . In Indonesia, the source of lime materials exists mostly in Java, which is far from the location where the liming needs to be done. Furthermore, liming only treats the symptoms of acid sulfate soils rather than the cause (Thomas et al., 2003) ; therefore, the beneficial effects of liming are short lived, and it has to be done repeatedly (Shamsuddin et al., 1998) . This makes liming very expensive and it is often un-economic for small farmers to obtain lime materials.
The other treatment suggested for improving the properties of acid sulfate soil is the application of organic matter (Kaderi, 2004; Shamsuddin et al., 2004) . With negative charge provided by carboxyl compounds, organic matter is able to minimize toxicity by decreasing the solubility of heavy metals in the soil solutions. Positive effects of organic matter application on the properties of acidic soils, such as increasing soil pH and CEC, and decreasing heavy metal toxicity, have been reported elsewhere (see Hesse, 1982; El Sharkawi et al., 2006) . Organic matter is easy to find locally and is relatively cheap, especially if the organic matter used is the un-harvested biomass of the crop itself.
For rice-based cropping systems, the use of rice straw and rice husk has been practiced for a long time (Ponamperuma, 1982; Eagle et al., 2000; Singh et al., 2008; Kaewpradit et al., 2009) . The advantages and drawbacks of burning vs incorporation of rice straw in rice growing have been discussed by Williams et al. (1972) . Sitio et al. (2007) used rice husk ash (RHA) for the improvement of rice growth and yield in the peat soil of Sumatra. Karmakar et al. (2009) studied the effect of application of fly ash, rice husk ash, and paper factory sludge on the growth and yield of rice in the acid lateritic soil of India. They showed that the application of these industrial wastes improved soil properties by decreasing soil bulk density and increasing soil pH, organic carbon, available nutrients, and rice yield. The ability of rice husk and rice husk ash to remove heavy metals from the system has also been shown by Mahvi et al. (2005) . Again, the main limitation in using such organic matter is the easiness of these materials to be decomposed, and therefore its application must be done repeatedly from year to year. On the other hand, there is now competition in biomass utilizations with the emergence of demand in the sectors of energy resources and animal feeding. In addition, decomposition and mineralization of organic matter has been attributed as one of the major sources of global warming due to emissions of methane and nitrous-oxide (Rondon et al., 2007) Lately, looking the recalcitrant of C-organic in a black carbon material which is also known as biochar, many scientists interested in using this black carbon material as a soil amendment (Glasser et al., 2002; Topolianz et al., 2007; Woolf, 2008) . Although there are still some objections (Ernsting and Smolker, 2009; Senjen,2009 ), a lot of experimental results have indicated that biochar applications can improve soil properties (Lehman et al., 2003; Liang et al., 2006; Chan et al., 2007) and increase crop yield (Yamato et al., 2006; Chan et al., 2008 ) . Chan et al. (2007) showed that biochar application had improved some physical soil properties, such as increased soil aggregation, water holding capacity, and decreased soil strength. An increase in saturated hydraulic conductivity of upland rice soil with biochar application has been reported by Asai et al. (2009) . Furthermore, Chan et al. (2007) also showed that the application of biochar could increase soil organic carbon, soil pH, and CEC. The increase of CEC with the application of biochar has also been shown by Liang et al. (2006) . Yamato et al. (2006) showed that the application of biochar made from Acacia magnum could increase soil pH, Ca, base saturation, and CEC and decrease Al + saturation. Novak et al. (2009) showed that the application of biochar in the acidic coastal soil of the Southern US could increase soil pH, soil organic matter, Mn, and Ca and decrease S and Zn. On this sandy soil, the application of biochar did not significantly influence the CEC of the soil. The increase in soil biological activity has been reported by Rondon et al. (2007) for nitrogen fixation in Phaseolus vulgaris L. and by Chan et al. (2008) for earthworm and microbial biomass.
The increase in crop yield with biochar application has been reported elsewhere for crops such as cowpea (Yamato et al., 2006) , soybean (Tagoe et al., 2008) , maize (Yamato et al., 2006; Rodríguez et al., 2009) , and upland rice (Asai et al., 2009) . Haefele (2007) and Haefele et al. (2008) discussed the possibility of biochar applications for rice-based cropping systems. Reichenauer et al. (2009) applied biochar in tsunami-affected paddy fields in Sri Lanka, and the experimental results showed that the application of 2 t rice-husk-charcoal ha -1 increased the grain yield from less than 4 t ha -1 for the control treatment to more than 5 t ha -1 for the biochar treatment.
The objective of the works reported here was to study the characteristics of biochar produced from rice husk grown in acidic soil and its potential to improve the properties and productivity of acid sulfate soils and the growth of lowland rice in West Kalimantan, Indonesia.
Materials and methods

Production and characterization of biochar
To ensure that the rice husk had come from the acid sulfate soil of West Kalimantan, Indonesia, we harvested it directly the rice from the field and then brought it for rice milling to get the rice husk. The rice husk was then put in a piece of pyrolysis apparatus which consisted of a stainless reactor of 500 mm length with a 15 cm inside diameter. The rice husk was then heated externally by an electric furnace (5000 W) to a temperature of 600 o C. The reactor for the biochar production is presented in Figure 1 .
The Biochar was ground to pass through a 0.50 mm sieve. The Biochar moisture content was measured by oven drying a sub sample of 2 g at a temperature of 80 o C for 24 hours. Biochar characterization was done according to the method described by Ahmedna et al. (1997) . The bulk density was determined by filling a 10 ml tube with dry ground biochar. The tubes were capped, tamped to a constant volume, and weighed. Bulk density was calculated by dividing the weight of the dry sample with the volume of the packed materials.
To measure the pH, 1% suspensions of biochar were prepared by diluting the biochar with de-ionized water. Then they were heated to about 90 o C and stirred for 20 minutes to allow the dissolution of the soluble biochar components. The suspensions were then cooled to room temperature, after which the pH was measured with a pH-meter (Jenway 3305). Total C determination was done using the method described in ASTM D 3176 (ASTM, 2006) . Total P was read with a spectrometer (Vitatron) and Ca, Mg, Na, and Si were measured using AAS (Shimatzu)
Experimental setup
A glass house experiment was set up to study the effect of rice husk biochar on rice growth. The soil used was collected from the experimental station of BPTP West Kalimantan in Sungai Kakap. Soil samples were collected from depths of up to 20 cm, and then dried, ground, and passed through a 2.0 mm sieve. 5 kg of ground soil was then put in a plastic pot with an inside diameter of 30 cm. The organic soil amendments used were:
(1) No soil amendment, as the control (Co) (2) Rice Straw (RS), 15 t ha These six treatments were arranged in Fully Randomized Design with 4 replications. The amount of soil amendment applied was calculated based on the surface area of the plastic pot, and the amendments were mixed to a 20 cm depth, after which they were incubated at water content close to the field capacity for 30 days.
Rice straw, rice husk, and Chromolaena odorata were chopped and ground, and rice husk ash and rice husk biochar were ground and passed through a sieve with a 2.0 mm diameter. Chromolaena odorata is a bush plant which grows extensively in West Kalimantan. At the end of incubation, soil strength was measured with a hand penetrometer (Daikie) to a depth of 15 cm, then 2 undisturbed samples of about 50g were taken for bulk density and soil water determination; and a disturbed sample of about 100 g was taken for chemical properties analysis.
Twenty day old rice seedlings were transplanted to this incubated soil. The rice plants were grown as lowland rice, and they were fertilized with 135 kg N ha -1 , 72 kg P 2 O 5 ha -1 and 50 kg K 2 O ha -1 . The plants were harvested at 45 days after planting, and measurements were done for plant height, number of tillers, productive tillers, and total dry mass.
Soil Analysis
Particle size analysis was performed by the pipette method (Soil Survey Laboratory Staff, 1992) , and soil bulk density was determined by the clod method as described by Blake and Harke (1986) Total porosity was calculated from the soil water content (v/v) at a matrix potential of 0 kPa, and available soil water was calculated by subtracting the soil water content at a matrix potential of -33 kPa (field capacity) with that at a matrix potential of -15 MPa (wilting point). The soil water content at these matrix potentials was determined using pressure plate apparatus.
Soil pH was measured in 1:2.5 ratio soil solutions (with de-ionized water) with a pH meter (Jenway 3305). The Walkley and Black wet oxidation method was used to determine organic C content (Soil Survey Laboratory Staff, 1992) . Total N content was measured by the Kjeldhal method (Bremner and Mulyaeny, 1982) . Exchange Al 3+ and Fe 2+ were extracted with 1M KCl (Barnhisel and Bertsch, 1982) . The CEC was extracted with 1M NH 4 Oac (buffered at pH 7.0), and exchangeable base concentrations were measured using AAS (Shimatzu).
Results and discussion
Characteristics of the biochar
The analytical results presented in Table 1 show that biochar made from rice husk grown in acidic soil had slightly alkaline properties with a pH of 8.7, relatively higher than that of rice husk ash. Compared to rice straw and rice husk, rice husk ash and rice husk biochar had a higher elemental Ca, Mg, and Na, but a lower content of C-organic. Thus burning rice husk, either by pyrolysis which produces biochar, or directly fire burned rice husk which produces rice husk ash, decreases organic carbon in the materials. Rice husk biochar had a CEC of 17.57 cmol kg -1 , and this was much higher than that of rice husk ash.
A comparison of rice straw and rice husk shows that, except in C-organic content, both materials have relatively similar properties. The C-organic content of rice husk was relatively higher than that of rice straw. Except in C-organic content, which is lower than in that of rice straw, the properties of soil amendment made from Chromolaena is about the same as those of amendments made from rice straw and rice husk.
Soil properties
Applications of organic soil amendments improve some of the physical properties of acid sulfate soil of West Kalimantan (Table 2) . Bulk Density (BD) decreased from 1.24 Mg m -3 in the control experiment to 1.14 Mg m -3 in the rice straw treated soil. The BD of the soil treated with rice husk biochar was 1.17 Mg m -3 , which is not significantly different to that of soil treated with the rice straw soil amendment. The decrease of soil bulk density with the organic soil amendment application in this treatment could be explained as being a result of the incorporation of the soil which has a relatively high BD (1.24 Mg m -3 ) and a lower density of organic soil amendment (less than 1.00 Mg m -3 ). However, looking at the total soil porosity and available soil water (Table 2) , it is un-doubtable that the decrease in soil bulk density of the soil treated with organic soil amendment was, at least partly, due to the formation of soil aggregate.
The increase in soil porosity with soil aggregation, which in turn will decrease soil bulk density, has been discussed elsewhere (see for example, Harris et al., 1966) . This process will increase total porosity, and at the same time will increase soil water retention (Sharma and Uehara, 1968) . Since water retention in micro pores (equal to a matrix potential of -15 MPa) is relatively constant, this process will increase the available soil water. The result in Table 2 shows that application of organic soil amendment increases total soil porosity from about 40% (control) to more than 50% in all treated soil. The increase in total soil porosity was followed by the increase in available soil water from 11.34% for untreated control soil to 15.47% for rice husk biochar treated soil.
As a consequence of the formation of soil pores by aggregation and a decrease in soil bulk density, soil strength, which was measured as the resistance of the soil to penetration, will decrease (Goodman and Ennos, 1999) . In untreated control soil with a soil bulk density of 1.24 Mg m -3 , the penetration resistance was 500 Nm -2 decreasing to 390 Nm -2 in rice husk ash treated soil. The penetration resistance of rice husk biochar treated soil was 393.34 Nm -2 . This is not significantly different from that of rice husk ash treated soil. The decrease of soil strength with application of biochar has also been observed by Chan et al. (2007) for hard settling soil in Australia.
The effect of rice husk biochar and other soil amendments on the chemical properties of acid sulfate soil in West Kalimantan is presented in Table 3 . In general, application of organic soil amendments significantly improved the chemical properties of acid sulfate soil. There was an increase in soil organic matter content, soil pH, and CEC and a decrease in exchangeable Al and soluble Fe. The results in Table 3 also show that application of organic soil amendments increased the content of P, K and Ca, but did not significantly influence the amount of Mg and Na. The highest CEC, P and K were observed in soil treated with rice husk biochar, but did not significantly different from that of treated with rice husk ash.
Rice husk ash and rice husk biochar had a high pH (Table 1) ; therefore, it is reasonable that the soil treated with rice husk biochar and rice husk ash also had a high pH. This result indicated that rice husk biochar could be used as a substitution for lime materials to increase the pH of acidic soils. The increase in CEC of the soil with organic soil amendments would probably be due to the negative charge arising from the carboxyl groups of the organic matter. The increase in CEC and soil pH with the addition of organic matter has been shown elsewhere (see Bot and Benites, 2005) . Biochar has a high CEC (see Table 1 ), and with its high recalcitrance (Glaser et al., 2002) , it is reasonable that soil applied with biochar had the highest CEC. An increase in soil CEC with the application of biochar has also been shown by Chan et al. (2007) The decrease in exchangeable Al and soluble Fe in rice husk biochar and other organic soil amendments is undoubtedly due to the increase of CEC in the soil. The results in Table 3 show that exchangeable Al and soluble Fe decreases as CEC increases. The improvement of the soil's physical properties, especially soil aggregation, might also contribute to the lowering of Fe in lowland rice. This soil structure improvement will make the soil condition more oxidative so the solubility of the Fe decreases.
The increase in elemental plant nutrients P, K, and Ca is as a result of addition of plant nutrients in the organic soil amendments as has been suggested by Ponamperuma (1982) . For the P nutrient, however, this increase could have also been as a result of increasing the soil pH due to rice husk ash or rice husk biochar application. It is interesting to note that, although the C-organic content in rice husk biochar is lower than that of rice straw or rice husk, the highest level of soil organic matter was observed in rice husk biochar tretaed soil. This phenomenon indicated the recalcitrance of C-organic in rice husk biochar as has been suggested by many researchers (e.g. Glasser et al. 2002; Lehman et al., 2003; Rondon et al., 2007) 
Rice growth
The improvement of the soil's physical and chemical properties due to rice husk biochar and other organic soil amendment applications was followed by the improvement of the growth of rice planted in this acid sulfate soil (Table  4) . Plant height, number of tillers, number of productive tillers, and total dry biomass of rice grown in organic amendment treated soils were significantly (p=0.05) higher compared to that of un-treated soil.
The highest number of tillers was obtained by rice husk biochar treatment. However, from a total dry biomass point of view, soil treated with Chromalaena amendments produced the highest yield with 76.5 g per plant, although it does not significantly differ to that produced by the rice husk biochar amendment.
There were many factors contributing to the improvement of this rice growth, and these factors can work either individually or simultaneously. Indeed, the decrease in exchangeable Al and soluble Fe would have been important factors for this growth improvement. The contribution of elemental plant nutrients from the organic soil amendments, especially P, would have also had an important effect. As shown by the results given in Table 3 , application of organic soil amendments increased the available P, K, and Ca in the soil; however, the influence of the soil's physical improvement, especially the increase in soil macro pores and the decrease in soil strength can not be neglected.
From looking at an individual correlation analysis, there was a significant correlation between the rice biomass yield with soil organic matter content (r = 0.836), total P (r = 0.834), exchangeable Al (r = -0.864), soluble Fe (r = -0.913) and soil strength, Qp (r = -0.814). Thus rice biomass increased with increasing soil organic matter content and total P, and decreased with decreasing exchangeable Al, soluble Fe, and soil strength. Multiple regression analysis of these factors with rice biomass yielded a regression equation of:
Rice biomass = -1660.5 -454.31C + 13001.71P -45.20 Al + 218.00 Fe -2.81Qp
Conclusion
The experimental results of biochar made from rice husk grown in acid sulfate soil and other organic soil amendment applications significantly improve some properties of the acid sulfate soil of West Kalimantan, Indonesia, namely: decreasing soil bulk density, soil strength, exchangeable Al, and soluble Fe, and increasing soil pH, soil organic matter, total P, CEC, exchangeable K, and exchangeable Ca.
The improvement of soil properties with organic soil amendment applications resulted in an improvement of rice growth as shown by an increase in plant height, number of tillers, and dry biomass. A significant negative correlation occurred between dry biomass and exchangeable Al, soluble Fe, and soil strength; and a significant positive correlation occurred between dry biomass, soil organic matter, and total P. Figure 1 . The reactor pyrolysis for producing rice husk biochar
